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ABSTRACT

A series of membrane filtration experiments was carried out in a crossflow flat slit geometry to study per-
meate flux dependence on particle size and operational mode. Dilute monodisperse suspensions of poly-
styrene particles 20, 50, 100, and 680 nm in diameter were filtered in both constant permeate flux (CF)
and constant transmembrane pressure (CP) crossflow regimes using laboratory membrane cell with a
known flow configuration. In addition to particle size, other controlled parameters included temperature,
crossflow velocity, bulk suspension concentration, transmembrane pressure, membrane hydraulic resis-
tance, and surface chemistry of particles and the membrane. Obtained experimental specific permeate flux
profiles were used to evaluate the transient permeate flux model by Sethi and Wiesner. The extended
model was found to significantly overpredict permeate flux for medium-size particles (50–100 nm) while
providing reasonable agreement with experimental data for small (20 nm) and big (680 nm) particles. De-
spite these discrepancies, experimentally observed differences between performance in CP and CF modes
were in good qualitative agreement with model predictions. The CP operation mode yielded higher spe-
cific permeate flux, with the difference decreasing as particle size increased. Further, the extended model
was modified to allow for parametric studies of permeate flux using descriptors of the cake morphology
as fitting parameters. It was shown that changes in cake morphology alone could not account for the dis-
crepancies observed for medium-sized particles. These results suggest additional back-transport mecha-
nism(s) not currently included in the model. Preferential resuspension and scouring of medium-sized par-
ticles were hypothesized as such mechanisms.
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INTRODUCTION

CROSSFLOW MEMBRANE FILTRATION may be performed
under conditions of either constant transmembrane

pressure or constant flux. In contrast with dead-end fil-
tration, the feed stream is directed tangentially to the
membrane surface and a portion of “concentrate “remains
in the module while the rest of the fluid exits as perme-
ate. The goal of the tangential flow is to arrest the growth
of the fouling layer and thereby retain a higher permeate
flux. The more complex hydrodynamics of a crossflow
filtration module entail a suite of particle transport mech-
anisms that are sensitive to the type of suspension to be
filtered. In this work, we consider the role of particle size
as it may differentially influence membrane fouling in
constant transmembrane pressure or constant permeate
flux operation.

A considerable amount of research effort has been di-
rected towards better understanding membrane fouling
by particular materials. Particles may deposit on the
membrane surface forming a cake that may reduce mem-
brane permeability. Investigations of particle transport
and fouling in membrane filtration have typically focused
on single mechanisms including inertial lift (Green and
Belfort, 1980), Brownian diffusion (Blatt et al., 1970;
Porter, 1972), shear-induced diffusion (Zydney and
Colton, 1986; Davis and Leighton, 1987; Davis and Sher-
wood, 1990; Romero and Davis, 1990), surface transport
(Stamatakis and Tien, 1993), and concentrated flowing
layers (Leonard and Vasilieff, 1984). The detailed ac-
count of the work in this area may be found in several
reviews on the subject (Belfort et al., 1994; Bowen and
Jenner, 1995; Wiesner and Chellam, 1999; Ripperger and
Altmann, 2002).

Sethi and Wiesner (1997) extended the shear-induced
diffusivity model of Romero and Davis (1990) to con-

sider Brownian diffusion and inertial lift as well as shear-
induced diffusivity and concentrated flowing layers as the
transport mechanisms in a transient model of crossflow
filtration (Fig. 1). This extended model is briefly sum-
marized here.

Hydraulic cake resistance Rc is estimated using Car-
man-Kozeny correlation (1) and related to permeate flux
by Darcy’s law (2):

Rc 5 Rc*dc 5 dc (1)

where ap is the particle radius, wc is the solidosity of the
cake taken to be equal to 0.58 (corresponding to the ran-
dom packing density), dc is the cake thickness, Rc* is the
specific cake resistance, and the permeate flux is calcu-
lated as

J 5 5 (2)

where DP is the transmembrane pressure, Rm is the mem-
brane resistance, Rc is the cake resistance, and Jm 5
DP/moRm is the water flux through the unfouled mem-
brane.

To formulate the model, equations expressing micro-
scopic momentum balance and particle mass balance are
employed. The axes x and y are in the direction along
and normal to the membrane respectively, while u and v
are velocity in x and y directions. Derivation of micro-
scopic momentum balance (3) involves the following as-
sumptions: (a) the particle flowing layer is thin, so that
shear stress can be taken as constant; (b) suspension flow
is fully developed and in steady state; (c) permeate ve-
locity is much smaller than crossflow velocity so that
concentration and velocity profiles change only slowly
with x; and (d) viscosity is concentration dependent but
the suspension still behaves as a Newtonian fluid. Under
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Figure 1. Approach to mass transfer and schematic of flowing and cake layers. Adapted in modified form from Romero and
Davis (1990).



the latter assumption the local shear rate can be expressed
as
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where tw is the wall shear stress and m(w) is the relative
viscosity, estimated from Leighton’s experimental corre-
lation (Leighton and Acrivos, 1987):

m(w) 5 11 1 2
2
.

A reduced form of the convective diffusion Equation
(4) expressing microscopic particle mass balance is ob-
tained and further simplified by omitting the axial diffu-
sion term, and the term 2(mw)/(x) describing axial con-
vection (Romero and Davis, 1990) because it is small
relative to lateral convection term.
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The transient term (w)/t is also omitted because it re-
lates to other terms in (4) as (bulk suspension volume
fraction)/(average volume fraction within the flowing
layer) ,, 1. Thus, (4) can be reduced to

[Db 1 Ds(w)] 1 vw w 5 0 (5)

Integrating (5) across the entire cake layer results in a
partial differential equation describing the net transport
of particles towards the membrane. After substituting the
expression for local velocity determined from (3) into this

dw
}
dy

1.5w
}
1 2 w/wc

equation and performing nondimensionalization, the fol-
lowing expression for the particle flux balance is ob-
tained:
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x̂
d̂
} 5 f(d̂) (6)

where d̂ is the nondimensional cake thickness, and g, h,
and f are complex functions of d̂ (Sethi and Wiesner,
1997). To solve (6), Sethi and Wiesner employed the
MacCormack method based on a predictor-corrector
methodology.

The extended model predicted that for particles of in-
termediate size (,100 nm) the relative cake buildup is
maximized due to a net minimum in back-transport mech-
anisms superimposed on the effect of increasing specific
cake resistance with decreasing particle size.

Both CP and CF modes of operation were modeled.
Modeling of CF regime was based on updating the value
of the transmembrane pressure thereby decomposing the
model of CF operation into a sequence of short CP op-
erations. Simulations comparing CF and CP modes of op-
eration (Fig. 2) suggested increasing benefits of the CP
mode as particle size decreases.

In this article, we examine effects of particle size and
mode of operation on the transient behavior of permeate
flux and compare them with predictions of the extended
model. We also describe a modification to the extended
model, which incorporates the possibility of varying the
morphology of the cake. Two additional parameters de-
scribing the cake surface—cake solid fraction at the wall,
and thickness of the transition zone—are introduced. The
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Figure 2. Comparison between constant pressure and constant flux modes of operation for different particle sizes from Sethi
and Wiesner (1997).
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dependence of permeate flux behavior on the values of
these two parameters is presented.

MATERIALS AND METHODS

Membrane filtration setup

The ultrafiltration membrane setup (Fig. 3) was con-
structed based on the medium/high foulant configuration
of SEPA acrylic crossflow flat slit membrane filtration
cell (SEPA CF, Osmonics, Minneatonka, MN) able to
withstand pressures up to 100 psi (,690 kPa). The trans-
membrane pressure was regulated by a pressurized air
cylinder and read from a pressure gauge (E.N.F.M. B.V.,
Schiedam, The Netherlands; 0–100 PSI) attached to the
cell body. A 7.4-liters capacity aluminum feed tank was
custom built to withstand an internal pressure over 1,750
kPa. Tubing used for the feed cycle and permeate cycle
consisted of 1/40 and 3/80 outer diameter Teflon FEP

tubes (Cole Parmer, Chicago, IL; 06406-66 and 06406-
74).

The feed suspension was pumped over the membrane
in a recycle loop by a pulse-free centrifugal pump (EC-
J1, Pulsafeeder, Rochester, NY). Stirring at the rate of 6
L/min was provided by the bypass loop. A stainless steel
needle valve was used to control the feed flow that had
a range of 0–3 L/min.

The temperature was kept constant at 20.0° 6 0.1°C
by recirculating methanol through a cooling loop con-
sisting of a chiller (KR30A, PolyScience, Niles, IL), a
pump (3-MDX, Little Giant Pump Co., Oklahoma City,
OK), a thermosensor, and a temperature control unit 
(DynaSense, Model No. 2158, Cole Parmer). For the
cooling cycle, 3/80 inner diameter Tygon tubing (Cole
Parmer; 06408-12) was used outside the feedtank and
3/80 outer diameter stainless steel tubing (Cole Parmer;
03300-15) was used inside the feedtank.

An on-line spectrophotometer (Spectra 100, Spectra-
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Figure 3. Flow chart of the setup.
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Physics, San Jose, CA) equipped with a flow-through cell
(path length 3 mm) was used to control bulk concentra-
tion of particles in the suspension. Absorption by the feed
suspension at l 5 245 nm was recorded in real time, and
the suspension concentration was kept constant by pump-
ing either pure water (positive displacement diaphragm
pump, LMI, Acton, MA; B111-391SI), or the concen-
trated particle suspension (positive displacement di-
aphragm pump, LMI, Acton, MA; A141–155) into the
feed tank. In addition, photon-correlation spectroscopy
(PCS) was used to monitor aggregation state of the sus-
pension by measuring particle size distribution of feed
suspension samples.

Digital flow meters were found to provide unreliable
readings for small flows such as those involved in our
experiments. Instead, flow rate was measured using cal-
ibrated variable area flow meters with a glass float. In
the course of experiments, air had a tendency to dissolve
into the water on the feed side of the membrane, which
lead to air bubbles forming in the tubing and inside
flowmeters on the permeate side. If these bubbles at-
tached themselves to the glass balls inside the flowme-
ters, an incorrect reading resulted. To avoid this problem
an air trap was installed. In addition, to eliminate bub-
bles, flowmeters were spurged using another pump (Mas-
terflex, Model No. 07553-20, Cole Parmer). The initial
permeate flow rate was 149 L/m2/h, which corresponds
to the permeate velocity of 4.15 ? 1023 cm/s for a mem-
brane area of 21.28 cm2. The crossflow velocity was kept
constant at 11.6 cm/s value.

Membrane filtration cell and membranes

The flow region of the SEPA CF cell used in our ex-
periments may be decomposed into five subregions (Fig.
4): inlet and outlet tubes, narrow flat slit (channel) di-

recting the flow normal to the axes of inlet and outlet
tubes, and two cylindrical ducts connecting inlet and out-
let tubes with the channel. The cell used in our experi-
ments was reconfigured so that the membrane was
pressed against the lower wall of the channel. Thus, af-
ter entering the cell through the inlet tube, the flow turns
90 degrees, enters the channel, passes over the membrane,
makes another 90-degree turn to enter the outlet tube, and
exits the system. The length, the width, and the height of
the channel are 148, 96, and 1.73 mm, correspondingly.
After taking into the account the rounding of channel’s
corners, these dimensions translate to a membrane area
of 14051.27 mm2 and a cross-sectional flow area of
166.08 mm2.

Examination of a membrane fouled by 1-mm particles
in preliminary filtration experiments revealed an inho-
mogeneous deposition pattern due to the fact that the flow
is not unidirectional over the entire membrane area. Com-
putational fluid dynamics modeling of the flow within a
crossflow membrane filtration cell with dimensions repli-
cating those of the SEPA CF cell was performed to de-
termine a location within the cell where the flow could
be considered unidirectional (Tarabara and Wiesner,
2002). The flow was found to be largely unidirectional
over most of the channel area with the exception of the
corners of the channel. To isolate peripheral areas of the
membrane from the crossflow, adhesive tape was applied
to the permeate side of the membrane rending the effec-
tive area of membrane to be 21.28 cm2.

All experiments were performed using polysulphone
membranes chemically modified to have a hydrophylic
surface (NTR-7410, Hydranautics, Oceanside, CA).
Membranes with a molecular weight cutoff of 7,000 Dal-
tons (roughly equivalent to a pore diameter of ,2 nm),
were chosen to eliminate the possibility of pore plugging.
The sample membrane sheet of 1 m2 area was cut into
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Figure 4. Geometry of the SEPA CF cell.
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smaller pieces of the appropriate size (19 3 14 cm, with
rounded corners) to fit the SEPA CF cell.

Clean water flux tests were performed for all mem-
branes used in all experiments. The tests provided infor-
mation on the integrity of the system ensuring that there
were no tears or other imperfections on the membrane
surface. As determined by clean water flux tests, the 
average resistance of this membrane was (1.08 6

0.22) ? 10210 cm21. To ensure analogous fouling condi-
tions for all membranes, the initial transmembrane pres-
sure was adjusted to yield the same initial permeate flux
for all experiments.

After performing a clean water flux test, each mem-
brane was compressed at 621 kPa transmembrane pres-
sure until the clean water flux stabilized before filtration
experiment. The time of compression varied for differ-
ent membrane samples and was in the range of 30–
90 min.

At the end of each experiment, the feed suspension was
discarded, Millipore water was introduced into the feed
tank, and a final clean water flux test was run. Membrane
was removed from the filtration cell and cake was visu-
ally inspected. To store fouled membranes, 0.05% solu-
tion of NaN3 was used to inhibit bacterial growth.

Particles

Spherical polystyrene particles (Bangs Laboratories
Inc., Fishers, IN) of four different sizes were used in
our experiments: 20, 50, 100, and 680 nm. Particles
were suspended in ultrapure water (Milli-Q system, Mil-
lipore Corporation, Bedford, MA) with electrical con-
ductivity of 0.49 6 0.01 mS/cm. pH varied in the range
from 6.3 to 6.6, with the average of 6.4 and the stan-
dard deviation of 0.2. The solid fraction (volume/vol-
ume) of particles was 1024 for all particle sizes. After
particles were suspended, the electrical conductivity of
the solution was measured again and found to be equal
to 0.92 6 0.02, 2.44 6 0.02, 0.89 6 0.01, and 0.92 6

0.02 mS/cm for 20, 50, 100, and 680 nm particles, cor-
respondingly. For the 50-nm particles, another conduc-
tivity measurement was performed for particles from an-
other lot (same size, shipped separately by the
manufacturer) and a result similar to the first measure-
ment for particles of this size was obtained (2.55 6 0.04
mS/cm). All measurements were carried out using M90
conductivity meter (Corning Inc., Corning, NY). All
values of standard deviations indicated above corre-
spond to the 95% confidence interval. Using the fol-
lowing relationship between ionic strength and electri-
cal conductivity (Standard Methods, 1980):

IS 5 1.6 ? 1025 EC 1 2 (7)
mS
}
cm

the ionic strength was estimated to be 1.5 ? 1025,
3.9 ? 1025, 1.4 ? 1025, and 1.5 ? 1025 for suspensions of
20-, 50-, 100-, and 680-nm particles, correspondingly.
Suspensions were not buffered to keep the ionic strength
low.

Manufacture-supplied data on the particle size distri-
bution of these suspensions were verified using PCS and
SEM analyses. PCS tests (PCS 4700a, Malvern Instru-
ments, Malvern, UK) were performed using 10-mm
round cells for multiangle sizing (PCS8400, Malvern In-
struments). SEM images were recorded using Philips XL-
30 FEG environmental scanning electron microscope.

Samples of suspension were taken periodically from
the filtration module in the course of filtration experi-
ments to measure the particle size distribution. Aggrega-
tion was undetectable in all of the experiments.

RESULTS AND DISCUSSION

A total of 19 crossflow membrane filtration experi-
ments with monodisperse suspensions of polystyrene par-
ticles of four different sizes were carried out in CF and
CP regimes (Tables 1 and 2). Initially, to verify the pre-
dicted dependence of the transient and steady-state per-
meate flux on the particle size, polystyrene particles 20,
100, and 680 nm in diameter were chosen. However, pre-
liminary results indicated distinctly different dynamics of
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Table 1. Summary of experimental conditions.

Particle Membrane UV
Exp. Type size, resistance, absorption
no. of exp. nm ? 10210, cm21 (at 250 nm)

1 CP 20 1.33 0.011
2 CP 20 1.43 n/a
3 CP 20 0.97 0.011
4 CF 20 0.93 n/a
5 CF 20 n/a n/a
6 CP 50 1.26 0.445
7 CP 50 1.16 0.300
8 CF 50 0.76 0.448
9 CF 50 1.13 0.443
10 CP 116 1.09 0.959
11 CP 116 1.19 0.963
12 CP 100 1.04 0.968
13 CF 100 0.89 0.965
14 CF 100 0.85 0.967
15 CP 680 1.55 0.406
16 CP 680 1.27 0.396
17 CP 650 0.89 0.468
18 CF 670 0.92 0.405
19 CF 670 0.84 0.406



fouling in experiments with 20-nm particles when com-
pared to those with 100-nm particles. Therefore, the list
of particles sizes to be tested was expanded to include
50-nm polystyrene beads. Figures 5–8 summarize the
specific permeate flux observed in these experiments.

Effect of particle size

The salient feature of the observed dependencies of
permeate flux on time is the dramatic change in fouling
behavior in crossing from 20- to 50-nm particles. As can

be seen from Figures 5–8, medium-size particles (50 and
100-nm) foul considerably less than predicted from
model calculations. The 20-nm particles produced much
more rapid fouling, and did so in a fashion similar to that
predicted by theory. Pore plugging can be excluded from
consideration as the membrane pore size is considerably
smaller than 20 nm. The underprediction of specific per-
meate flux in the presence of the larger (50 and 100 nm)
particles can only be attributed to aspects of cake mor-
phology or particle back-transport that are not accounted
for in the extended model.
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Table 2. Values of operational parameters used in filtration experiments.

For 20 nm For 50 nm For 100 nm For 680 nm
Parameter particles particles particles particles

Average transmembrane 473 455 485 450
pressure,a kPa

Bulk suspension volume
fraction

Initial permeate flux,
mL/min

Average crossflow
velocity at inlet, cm/s

Membrane length, cm
Average membrane 1.24 1.21 1.11 1.24

resistance,a ? 10210, cm21

aCalculated from membrane resistance data given in Table 1.

0.001

5.33

11.6

2.3

Figure 5. Time dependence of normalized specific permeate flux for 20-nm particles.
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Figure 6. Time dependence of normalized specific permeate flux for 50-nm particles.

Figure 7. Time dependence of normalized specific permeate flux for 100-nm particles.
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Although steady-state flux is grossly underpredicted for
50- and 100-nm particles (Figs. 6 and 7), the experimen-
tal permeate flux curves for 20- and 680-nm particles were
in general agreement with model predictions (Figs. 5 and
8). Steady-state permeate flux is slightly overpredicted for
particles of these smallest and largest sizes.

Effect of operational mode

An important limitation in these experiments was the
maximum pressure for the SEPA filtration cell (~690
kPa). This, together with the need to achieve the same
initial permeate flux for all experiments, imposed limits
on the duration of CF experiments. Even for more per-
meable membranes, the initial transmembrane pressure
needed to provide the target initial flux of 149 L/m2/h
was greater than one-half of the maximum 690 kPa pres-
sure, leaving little margin for an increase in the trans-
membrane pressure in the course of filtration in the CF
mode. Consequently, only initial stage of filtration in CF
mode was studied.

It should be noted also that in experiments with 20-nm
particles, immediately upon the start of experiments, per-
meate flux dropped quickly. As Fig. 5 illustrates, the flux
decreased by the factor of 2 in a matter of 1–2 min, which
is approximately the time required to open valves of the
setup and for flow meter readings to stabilize. Thus, com-
parison of CP and CF modes for experiments with 20-
nm particles is limited.

For particles of other sizes (50, 100, and 680 nm), dif-
ferences between the dynamics of specific flux in CF and
CP modes are in good qualitative agreement with pre-
dictions by the extended model. CP mode is character-
ized by higher specific fluxes compared with those in CF
and these diminish as particle size increases. This result
suggests preferential use of CP mode of operation for par-
ticles of smaller size.

Modified extended model

The extended model was modified to account for a
more complex cake morphology by considering solidoc-
ity of the cake to be a function of the distance from the
membrane. The dependence was modeled by the follow-
ing function:

wc(n)
(i)(x) 5 wmin 1 (wmax 2 wmin)

31 1 exp 1 24
21

(8)

where wmax 5 0.58, wmin 5 ww is the cake solid fraction
at the cake-suspension interface that is at the “wall,” x is
the distance from the membrane surface: 0 # x # d(n)

(i),
and d(n)

(i) is cake thickness at the ith grid point and at the
nth time step.

The specific cake resistance Rc(n)*(i) becomes a func-
tion of the cake depth at which it is calculated:

x 2 z(n)
(i)

}
D

k
(n)}
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Figure 8. Time dependence of normalized specific permeate flux for 680-nm particles.
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Rc(n)
*(i)(x) 5 (9)

D has physical meaning of thickness (in units of particle
diameters) of the zone of transition from wmin to wmax

while z corresponds to the distance from the membrane
to the location in the cake with solidocity equal to (wmin 1
wmin)/2. It can be shown that the choice of k 5 10 en-
sures that wmin value at z 1 D/2 location in the cake is
approximated with relative error of less than 0.01. Tak-
ing into the account that d(n)

(i) 5 z(n)
(i) 1 D(n)/2 is the to-

tal cake thickness at a given grid point and at a given mo-
ment of time, (8) may be rewritten as

wc(n)
(i) (x) 5 wmin 1 (wmax 2 wmin)

31 1 exp 1 24
21

(10)

It should be noted that the dependence of the thickness
of the transition zone D on the position along the mem-
brane surface was neglected in this approach. The as-
sumption hinged on the supposition that differences in
values of permeate flux corresponding to different posi-
tions along the membrane were insufficient to result in
differences in D values.

Values of d obtained by solving (6) were used to com-

x 2 1d(n)
(i) 2 }

D

2
(n)}2

}}
}
D

1
(

0
n)}

45wc(n)(
i)2(x)

}}}
ap

2(1 2 wc(n)
(i)(x))3

pute the total cake resistance at each time step n and for
each grid point i:

Rc(n)
(i) 5 Ed(n)

(i)

0
Rc(n)

*(i) dx. (11)

Further, the dimensionless cake resistance:

b(n)
(i) 5

}
Rc(n

0

)*(i)}
5 , (12)

and dimensionless permeate velocity:

vw(n)
(i) 5 5 }

1 1 b(n

1

)
(i) d(n)(

i)
} (13)

were calculated. Numerical values of integrals needed for
the computation of g, h, and f functions in (6) were eval-
uated using routines nag_quad_1d_gen and nag_quad_2d
(NAG Fortran 90 Library, release 3).

In an attempt to fit experimental data, a range of D (10,
100, 500, and 1,000) and ww (0.08, 0.28, 0.38, and 0.48)
values were tried as fitting parameters. Although a D

value of 1,000 in the case of 680-nm particles corre-
sponds to the cake thickness comparable with the chan-
nel height and, therefore, is not physical, this value was
used in our simulations to illustrate the trend in the per-
meate flux. The values of ww were chosen to cover the
range of probable cake porosities. It may be expected that
for particles of different sizes, cakes with different porosi-

1
}}

1 1 b(n)
(i) }

d

H
(n)

0

(i)

}

Rc(n)
(i)

}
d(n)

(i)
H0}
Rm

H0}
Rm
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Figure 9. Time dependence of normalized specific permeate flux for 20-nm particles (ww 5 0.38, variable D).
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ties at the cake–suspension interface will be formed. In
this article, however, we used the same set ww as a fit-
ting parameter for all cases of different particle sizes
looking for a general trend in the permeate flux depen-
dence on ww. It should also be emphasized that solution

chemistry is known to influence the permeate flux per-
formance in membrane filtration (Faibish et al., 1998).
In our experiments, however, both ionic strength and pH
were only monitored and were not experimental vari-
ables. In the modified extended model, the effect of the
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Figure 10. Time dependence of normalized specific permeate flux for 100-nm particles (ww 5 0.38, variable D).

Figure 11. Time dependence of normalized specific permeate flux for 680-nm particles (ww 5 0.38, variable D).
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solution chemistry on the cake morphology was not con-
sidered.

Some of the simulation results are summarized in Figs.
9–11. No significant improvement in matching modeling
and experimental results could be achieved. For exam-
ple, in the case of 20 nm particles (Fig. 9), using ww 5

0.38 allowed for a better match of the steady-state flux
but degraded the prediction of the time needed to reach
the steady state. A similar tradeoff between the ability to
fit the permeate flux and the time to reach the steady state
was observed for other particle sizes (Figs. 10 and 11).

The failure to provide a better fit to experimental data
using the parametric studies described above implies that
the only possible reason for the higher than predicted per-
meate flux observed in our filtration studies must be that
cakes contain fewer particles than the model assumes. It
means that additional back-transport mechanisms exist
that are not accounted for by the extended model.

Other possible back-transport mechanisms

The extended model assumes a no-slip condition at the
cake boundary. If this assumption does not hold and
nonzero crossflow at cake–suspension interface exists, it
will favor the scouring of intermediate-size particles. This
effect would be less for smaller particles because they
form cakes with higher resistance and a no-slip condition
at the cake boundary may be a reasonable approximation.
For bigger particles, a slip velocity would only enhance
the tubular pinch effect resulting in a decreased potential
for scouring. Another possible factor to take into account
is resuspension. This effect may be also at a maximum
for the medium-sized particles; big particles have more
inertia and are not as easily resuspended while the spe-
cific area of interaction of a slipping layer of fluid and
the uppermost part of the cake is minimal for small par-
ticles, which also decreases their potential for resuspen-
sion.

CONCLUSIONS

Permeate flux predictions by the extended model ex-
hibit qualitative agreement with experimentally deter-
mined relation between dynamics of permeate flux
through membrane filters operated in CP and CF modes.
Both modeling and experimental results suggest prefer-
ential use of CP mode as particle size decreases. Although
the model satisfactory describes the flux performance in
experiments with 20- and 680-nm particles, the fouling
behavior for medium-sized particles (50 and 100 nm) dif-
fers considerably from theoretical predictions. Simula-
tions involving descriptors of cake morphology as fitting

parameters demonstrated that changes in cake morphol-
ogy alone cannot account for the observed discrepancies.
These results strongly indicate the presence of additional
back-transport mechanism(s) leading to cakes containing
fewer particles than assumed by the model. Preferential
resuspension and scouring of medium-sized particles are
hypothesized as such mechanisms.
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